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Abstract 
Solution processed technologies are more and more used to lower the manufacturing prices in solar cell 
industry. This paper shows that silicon nanoparticles dispersion has the potential to be used as raw 
material for microcrystalline silicon thin-film thus opening a route for solution processed silicon devices. 
Restoring of functional properties of deposited film by classical thermal annealing and microwave 
annealing is led. Both recovering techniques are studied in terms of morphology as well as electrical and 
optical properties. Surface chemistry of the nanoparticles is shown to have a major role on the stability of 
the dispersion, the deposition and sintering processes. 
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1. Introduction 
Amorphous (a-Si) and microcrystalline (µc-Si) silicon solar cells production is expensive to scale up to 
very large area due to the cost of vacuum processes. Solution processed technologies are already used to 
reduce the cost of the processes for organic or chalcogenide solar cells. Recently, silicon nanoparticles 
dispersion has been used to lower the contact resistance between the contact layer and the metallic fingers 
[1] or to enhance the UV absorption [2] of a solar cell.  
Thus, the idea of an entire silicon printed solar cell is emerging. Annealing is mandatory for post 
deposition film properties as well as for morphological and functional properties restoring step. In an 
industrial point of view both thermal budget and processing time are key evaluation parameters. Laser 
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annealing [3,4] or Aluminum Induced Layer Exchange (ALILE) [4] did not convinced regarding those 
parameters, while microwave annealing shows a good potential for both time and temperature reduction 
[5]. This paper reports an evaluation of microwave annealing using classical thermal annealing as 
reference. 
2. Experimental conditions 
Spherical undoped silicon nanoparticles (99% metals basis) with BET diameter of 32.19 nm and size 
dispersion between 20 and 200 nm are used. Nanoparticles are dispersed by ultrasonic probing in ethanol 
with a concentration of 10 wt%. This dispersion is then spin-coated on two different substrates: thermally 
oxidized silicon wafer (for high temperature processes >1170 °C) and quartz (allowing optical 
measurements but limiting process temperature < 1170 °C) and dried at 90 °C for 15 min. 
Classical thermal annealing (in argon and vacuum) and microwave (2.45 GHz multimode in nitrogen) 
annealing have been studied. For classical thermal annealing, ramps of 50 °C/min have been applied to 
reach temperatures of 1000 (T1), 1100 (T2), 1150 (T3) and 1200 °C (T4) followed by 1 h constant 
temperature step. In a second process after reaching 1200 °C for 5 min, the samples were maintained at 
1100 °C for 1 h (T5). The used microwave annealing system has been described in [6]. For microwave, 
target temperatures of: 800 (M1), 900 (M2), 1000 (M3), 1100 (M4) and 1170 °C (M5) in N2 atmosphere
were used with an average heating ramp around 20 °C/min. No constant temperature step was applied. 
Morphology of the layers was characterized by a Carl Zeiss ultra 55 Scanning Electron Microscope 
(SEM) and a Jobin-Yvon LabRam HR800 Raman microscope (around 2 µm diameter spot). For Raman 
microscopy, a 488 nm argon laser was used and particular attention has been brought to laser power in 
order to prevent laser-induced recrystallization of the layer during the measurement. Electrical 
measurements were made with a Keithley 4200 Semiconductor Parameter Analyzer and Optical 
measurements in the range of 300 nm to 2000 nm were made using Perkin Elmer Lambda 950 UV/VIS 
optical spectrometer. A quartz substrate without nanoparticle layer was used as reference. 
3. Impact of the nanoparticles surface chemistry  
3.1. Oxide impact on coalescence 
DTA/TGA experiment shows an important mass loss from 1200 °C conjugated with an important 
variation of heat flow showing the beginning of melting of the smaller nanoparticles. As a result, melting 
of silicon nanoparticles happens at higher temperatures than expected [7,8]. This effect is attributed to the 
native oxide around the nanoparticles which inhibits the sintering under 1100 °C, where the reduction of 
silica by silicon is allowed [9] given the following reaction: Si(s) + SiO2(s)↔ 2SiO(g). 
Fig. 1. Granulometric analysis in volume (%) of oxidized silicon nanoparticles (left curve) and HF-etched silicon nanoparticles 
(right curve). 
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3.2. HF-etched silicon nanoparticles dispersion 
It can be seen that in spite of the oxide etching, which should have lowered the size of the nanoparticles, 
the measured sizes are much bigger showing important agglomeration of the nanoparticles (Fig. 1). This, 
of course, can be due to the centrifugation. The hypothesis of strong Si-Si bonds created after HF-etching 
and difficult to break through conventional ultrasonic probing is made. Thus an approach by cavitation is 
planned. If creation of strong Si-Si bonds is confirmed, thus functionalization of silicon nanoparticles 
could provide the suspension stability. 
4. Annealed silicon thin-films properties 
4.1. Impact of the annealing type on the crystallinity and the morphology of the layers 
Fig. 2 Secondary electrons SEM pictures of: a) as deposited silicon nanoparticle layer and sintered silicon nanoparticle layers: b) T4 
process under vacuum and c) M5 process 
Fig. 2a presents the morphology of as deposited silicon nanoparticle layer as a reference. For thermal 
annealing, first sintering stage, neck formation [10], is observed for T1. For T2 under vacuum, sintering is 
at an advanced stage with a well grown neck while T2 in argon shows no clear evolution. T4 process in 
vacuum exhibits faceted silicon nanocrystals on a rough silicon layer (Fig. 2b). For microwave annealed 
layers, neck formation is observed at such low temperature as 800 °C. SEM observations show no 
significant evolution of the nanostructure of the layer between 800 °C and 1100 °C. High stage of 
sintering is reached for M5. A continuous layer with low porosity is obtained (Fig. 2c). 
        
Fig. 3. Maximum peak position and FWHM (vertical bars) of the Raman spectra as a function of maximum annealing temperature: 
a) comparison of classical thermal annealing under vacuum and in argon atmosphere; b) comparison of microwave (on quartz) and 
vacuum classical thermal annealing. 
Raman studies were carried out in order to quantify crystallinity of the layers. Stoke peak positions and 
full width at half maximum (FWHM) were extracted from the spectra. For classical thermal annealing 
(Fig. 3a), the experiment confirms that under 1100 °C there is no coalescence or grain growth. T2 in 
vacuum exhibits an important shift of the peak position and a narrowing of the peak showing that 
classical thermal annealing under vacuum allows coalescence at lower temperatures than in argon 
a) b) 
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atmosphere. At 1200 °C, the peak position and FWHM are c-Si-like (dash and dot lines representing 
respectively the position of the peak and FWHM). 
Fig. 3b shows that for microwave annealing, a change of crystallinity appears at temperatures as low as 
800 °C and crystallinity improves almost linearly. This lowering of sintering temperature is referred in 
literature as “microwave effect” [11]. Nevertheless, even at high temperature FWHM is still broad 
compared with classical thermal annealing, which means there is a larger distribution of crystalline sizes 
in the layer. This difference in crystallinity is consistent with SEM observations. T4 process under 
vacuum shows faceted crystals while M5 process shows a continuous layer with no particular crystalline 
structures. Qualitative SEM observations on anterior samples experiments showed primary importance of 
the substrate coupling effect. Higher stage of coalescence has been reached on silicon nanoparticles 
deposited on oxidized silicon wafer. This effect will be further investigated in the future. 
4.2. Electrical properties of the microwave annealed layers 
I(V) measurements under dark made at contact separation of 2 mm are shown in Fig. 4. For 
measurements made on oxidized silicon substrates (T4 and T5), the leakage current through the oxide and 
the wafer was also measured. As-deposited nanoparticles and annealed layers until 1100 °C show purely 
dielectric behavior with only leakage current measured around 0.1 pA. This insulating behavior can be 
attributed to a low coalescence stage limiting charge transfer from a nanoparticle to another. M5 and T5 
under vacuum exhibit a low resistive behavior (see Fig. 4a and 4b). Nevertheless, for T5 under vacuum, 
leakage current through the substrate is higher than the current travelling through the nanoparticle layer. It 
can explain the threshold seen in the I(V) (Fig. 4b): almost no current until 3 V followed by a strong 
enhancement of the current being the leakage current through the insulator layer and conduction within 
the silicon substrate. According to the microstructure observed with SEM, T4 under vacuum shows a low 
resistive behavior: sheet resistance Rsh = 70 ohm. For this sample, shunt substrate leakage current through 
the substrate much smaller than the current travelling through the layer has been measured.  
     
Fig. 4. I(V) curves under dark of: a) microwave annealed layers on quartz (contact separation: 2 mm), b) thermal annealed layers 
contact separation: 2 mm) 
4.3. Optical properties of microwave annealed layers 
Thermal annealed samples being too small for the equipment, transmission of these samples could not 
been measured. Future experiments on another thermal furnace will complete this study.  
For annealing temperatures lower than 1100°C, no fundamental change in the transmission spectrum can 
be seen (see Fig. 5). This behavior is consistent with SEM observations. For M4 and M5 processes, an 
enlightenment of the layer is seen which is coherent with the transmission measurements and the 
microstructure changes. 
Gain in transmission can be explained by the variation of thickness from around 10 µm to around 2 µm 
a) b) 
148   E. Drahi et al. /  Energy Procedia  10 ( 2011 )  144 – 148 
due to the sintering and cracks and holes letting the light pass through the layer. Further investigations 
will be carried out in order to determine precisely the absorption coefficient. 
Fig. 5. Transmission spectra of the microwave annealed samples 
5. Conclusions 
This study shows that silicon nanoparticles dispersion in organic solvents can be used in order to make 
silicon thin-films with functional properties. Electrical and optical properties of the layers are related with 
the morphology. Sintering stage has to be high in order to allow charge transfer within the layer. Because 
of the native oxide shell around the nanoparticles, high temperatures have to be reached in order to 
activate high coalescence stage such as densification of the layer. Use of HF-etched nanoparticles did not 
show an advantage regarding the dispersion of the nanoparticles. Thus, a step of functionalization appears 
to be essential in order to guaranty the stability of the suspension. At the present time even though 
electrical measurements do not show an advantage of using microwave annealing, Raman study clearly 
shows that nanoparticles coalescence takes place at lower process temperature. In order to assess these 
observations, further investigations will be made regarding the use of functionalized nanoparticles and 
different parameters (heating ramp, stabilization step, type of substrate) that appeared to be important for 
microwave annealing.  
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